.1 channels, which conduct P͞Q-type Ca 2؉ currents, were expressed in superior cervical ganglion neurons in cell culture, and neurotransmission initiated by these exogenously expressed Ca 2؉ channels was measured. Deletions in the synaptic protein interaction (synprint) site in the intracellular loop between domains II and III of Cav2.1 channels reduced their effectiveness in synaptic transmission. Surprisingly, this effect was correlated with loss of presynaptic localization of the exogenously expressed channels. Cav1.2 channels, which conduct L-type Ca 2؉ currents, are ineffective in supporting synaptic transmission, but substitution of the synprint site from Cav2.1 channels in Cav1.2 was sufficient to establish synaptic transmission initiated by L-type Ca 2؉ currents through the exogenous Cav1.2 channels. Substitution of the synprint site from Cav2.2 channels, which conduct N-type Ca 2؉ currents, was even more effective than Cav2.1. Our results show that localization and function of exogenous Ca 2؉ channels in nerve terminals of superior cervical ganglion neurons require a functional synprint site and suggest that binding of soluble NSF attachment protein receptor (SNARE) proteins to the synprint site is a necessary permissive event for nerve terminal localization of presynaptic Ca 2؉ channels.
Cav2
.1 channels, which conduct P͞Q-type Ca 2؉ currents, were expressed in superior cervical ganglion neurons in cell culture, and neurotransmission initiated by these exogenously expressed Ca 2؉ channels was measured. Deletions in the synaptic protein interaction (synprint) site in the intracellular loop between domains II and III of Cav2.1 channels reduced their effectiveness in synaptic transmission. Surprisingly, this effect was correlated with loss of presynaptic localization of the exogenously expressed channels. Cav1.2 channels, which conduct L-type Ca 2؉ currents, are ineffective in supporting synaptic transmission, but substitution of the synprint site from Cav2.1 channels in Cav1.2 was sufficient to establish synaptic transmission initiated by L-type Ca 2؉ currents through the exogenous Cav1.2 channels. Substitution of the synprint site from Cav2.2 channels, which conduct N-type Ca 2؉ currents, was even more effective than Cav2.1. Our results show that localization and function of exogenous Ca 2؉ channels in nerve terminals of superior cervical ganglion neurons require a functional synprint site and suggest that binding of soluble NSF attachment protein receptor (SNARE) proteins to the synprint site is a necessary permissive event for nerve terminal localization of presynaptic Ca 2؉ channels. E lectrophysiological and pharmacological studies have defined a diverse array of native Ca 2ϩ currents having different functions in neurons (1, 2) . Voltage-gated Ca 2ϩ channels are complexes of a pore-forming ␣ 1 subunit with associated ␣ 2 ␦, ␤, and ␥ subunits (3) (4) (5) . Ca v 2.1 channels that conduct P͞Q-type Ca 2ϩ currents and Ca v 2.2 channels that conduct N-type Ca 2ϩ currents are the primary initiators of fast synaptic transmission in vertebrate neurons (1, (6) (7) (8) (9) (10) (11) (12) . These Ca 2ϩ channels bind directly to soluble NSF attachment protein (SNAP) receptor (SNARE) proteins involved in neurotransmitter release through a synaptic protein interaction (synprint) site in the large intracellular loop connecting domains II and III (L II-III ) of their ␣ 1 subunits (13) (14) (15) . Disruption of this interaction by peptide inhibitors injected into presynaptic neurons reduces the efficiency of Ca 2ϩ entry in stimulating exocytosis (16, 17) . These results implicate the interaction of SNARE proteins with the synprint site in determining the efficiency of fast synaptic transmission, possibly by organizing docked synaptic vesicles close to the site of Ca 2ϩ entry. The molecular basis for the specific role of Ca v 2 channels in initiation of fast neurotransmission is not well understood. It may involve specific localization of Ca v 2 channels in nerve terminals, specific interactions with SNARE proteins or other proteins in the nerve terminal, or both. Results presented in the accompanying paper (18) Cell Transfection, Membrane Extraction, and Immunoblotting. Plasmid cDNA for Ca 2ϩ channel ␣ 1 , ␣ 2 ␦, and ␤1b subunits, and enhanced GFP reporter (EGFP-N1, CLONTECH) were combined in a 1:1:1:0.1 molar ratio (60 g total DNA for each 150-mm culture plate) and incubated with the cells for 16 h at 37°C and 3% CO 2 , followed by one wash in PBS and further incubation at 5% CO 2 for 2 days. For membrane isolation, all work was carried out as rapidly as possible at 4°C with samples on ice and containing the protease inhibitors PMSF (0.2 mM), 4-(2-aminoethyl)benzenesulfonyl f luoride (AEBSF, 0.1 g͞ ml), pepstatin A (1 M), leupeptin (1 g͞ml), aprotinin (2 g͞ml), benzamidine (0.1 mM), and calpain inhibitors I and II (8 g͞ml). Plates were washed two times with 10 ml of ice-cold PBS, and cells from each plate were scraped into 2 ml of 50 mM Tris⅐HCl, pH 8.0, and lysed with 10 strokes at Ϸ1,000 rpm in a glass-tef lon homogenizer. The lysate was separated by centrifugation for 5 min at 1,600 rpm in a JA-20 rotor͞ Beckman J2-21 centrifuge. The supernatant (S1) was transAbbreviations: SNAP, soluble NSF attachment protein; SNARE, SNAP receptor; synprint; synaptic protein interaction; EPSP, excitatory postsynaptic potential; SCGN, superior cervical ganglion neuron. ferred to ultracentrifuge tubes and membranes sedimented for 45 min at 100,000 ϫ g in a 70Ti rotor͞Beckman L8-M centrifuge. The cytoplasmic fraction (S2) was stored at Ϫ80°C, whereas the membrane pellet (P2) was resuspended in 1 ml of 20 mM Tris-HCl, pH 7.4͞150 mM NaCl͞1% Triton X-100 (TBS͞1% Triton X-100), homogenized as described above, and unsolubilized material was sedimented for an additional 30 min at 100,000 ϫ g. Solubilized membranes (S3) were aliquoted and stored at Ϫ80°C for use within 1 week.
Transfection efficiency was evaluated in control studies via relative EGFP fluorescence (488 nm excitation; 509 nm emission) in the cytoplasmic fraction (S2), and confirmed equivalent efficiency of transfection among samples within the same experiment. Samples (90 g protein) for SDS͞PAGE were solubilized in SDS sample buffer, separated on a 3% stacking gel and 6% resolving gel in a Laemmli Tris-glycine buffer system (20) with MultiMark prestained molecular mass standards (NOVEX, San Diego), and electrotransferred to 0.2 M pore nitrocellulose (Schleicher and Schuell, Keene, NH). For immunoblotting, all incubations were carried out for 1 h at room temperature with gentle rotation in a buffer of 10 mM Tris⅐HCl, pH 8.0͞150 mM NaCl͞10% nonfat milk, except where noted. Nitrocellulose filters were first blocked, then incubated with affinity-purified anti-CNA4 at 200 ng͞l. Blots were then washed three times for 5 min each, incubated with protein A-HRP (Amersham Pharmacia) at a 1:1,000 dilution, washed in the same buffer without milk three times for 5 min, three times for 15 min, and twice for 30 min, followed by enhanced chemiluminescence detection and film exposure (Amersham Pharmacia). Cells plated in 35-mm tissue culture dishes were grown to Ϸ60-80% confluence and transfected by the calcium phosphate method with a total of 4 g DNA including a 1:1 molar ratio of cDNAs encoding Ca 2ϩ channel ␣1, ␣ 2 ␦, and ␤1b subunits and 0.3 g of a CD8 expression plasmid for identification of transfected cells (21) . The cells were subcultured at 24 h after the transfection. At least 48 h after transfection, positive transfected cells were visually identified by labeling with CD8-antibody-coated fluorophore. Barium currents were recorded by the whole-cell patch clamp technique using a List EPC-7 amplifier and filtered at 5 kHz with an eight-pole Bessel filter. Leak and capacitance currents were measured by using hyperpolarizing pulses and subtracted by using the p͞Ϫ4 method. The extracellular recording solution contained 120 mM Tris, 4 mM MgCl 2 , and 10 mM BaCl 2 with the pH adjusted to 7.3 by methanesulfonic acid. The internal pipette solution consisted of 120 mM aspartic acid, 5 mM CaCl 2 , 2 mM MgCl 2 , 10 mM Hepes, 10 mM EGTA, and 2 mM Mg-ATP with the pH adjusted to 7.3 by CsOH.
Expression and Electrophysiological Analysis of Cav2.1 Channels in
Cultured SCGNs. These methods are described in the accompanying paper (18) .
Results
Functional Expression of Cav2.1 Channels with Deletions in the Synprint Site. In the preceding paper, we show that Ca v 2 family Ca 2ϩ channels can effectively initiate neurotransmission, whereas Ca v 1 family channels cannot. What molecular characteristics of these Ca 2ϩ channels are responsible for this difference? Comparison of the amino acid sequences and intron͞exon structures of the Ca v 1 and Ca v 2 families of Ca 2ϩ channels reveals that the exons encoding the synprint site in the Ca v 2 channels are missing in Ca v 1 channels (Fig. 1 ). Ca v 3 channels have unrelated amino acid sequences in the corresponding position (data not shown).
In view of this molecular specialization of Ca v 2 channels, we investigated the role of the synprint site in the unique ability of Ca v 2 channels to initiate synaptic transmission. The synprint site of Ca v 2.1 channels contains two subsites, which each can bind SNARE proteins (15) . To examine the requirement for the synprint site of Ca v 2.1 channels for synaptic transmission, we constructed three mutant ␣ 1 subunits with complete [␣ 1 2.1⌬(771-971)] or partial deletions [␣ 1 2.1⌬(793-878) and ␣ 1 2.1⌬(864-934)] of the synprint site ( Fig. 1, blue) . These cDNAs were then expressed along with ␣ 2 ␦ and ␤1b subunits in the tsA-201 subclone of human embryonic kidney HEK293 cells as described in Experimental Procedures. Immunoblots of extracts of these cells showed comparable expression of the wild-type and mutant channels, and immunocytochemical analysis with antibodies specific for the Ca v 2.1 showed comparable cellular expression and distribution of wild-type, ␣ 1 2.1⌬(793-878), ␣ 1 2.1⌬(864-934), and ␣ 1 2.1⌬(771-971) ( Fig. 2 A and C-F) . These results show that the synprint site is not required for expression of Ca v 2.1 channels in mammalian cells.
The functional properties of the deletion mutants were analyzed by whole-cell voltage clamp with barium as the permeant ion (Fig. 3) . The barium currents conducted by wild-type Ca v 2.1 channels activated rapidly and inactivated slowly as previously reported (Fig. 3A Inset; ref. 22 ). Similar barium currents were recorded for the partial deletion mutants ␣ 1 2.1⌬(793-878) and ␣ 1 2.1⌬(864-934). In contrast, the complete deletion of the synprint site in mutant ␣ 1 2.1⌬(771-971) prevented functional expression of Ca v 2.1 in tsA-201 cells (data not shown). Thus, partial deletions that reduce but do not abolish SNARE protein binding are functionally expressed, whereas complete deletions are not. The voltage dependence of activation and inactivation of the barium currents conducted by wild-type and mutant Ca v 2.1 channels was similar (Fig. 3A) .
To determine whether functional interactions with SNARE proteins were impaired by these deletion mutations, we examined the regulation of wild-type and mutant Ca v 2.1 channels by SNAP-25, which binds specifically to the synprint site of the rbA isoform of Ca v 2.1 (15) and shifts the voltage dependence of inactivation (22) . Coexpression of SNAP-25 has little effect on activation but causes a significant negative shift in the voltage dependence of steady-state inactivation for wild-type Ca v 2.1, as reported previously (Fig. 3B ). This functional interaction is nearly completely lost in ␣ 1 2.1⌬(793-878) and ␣ 1 2.1⌬(864-934) ( Fig. 3B) . Evidently deletion of either half of the synprint site is sufficient to impair functional interactions with SNAP-25.
Requirement for the Synprint Site of Cav2.1 Channels for Synaptic
Transmission. Previous results show that peptides containing the synprint site of N-type Ca 2ϩ channels inhibit synaptic transmission when injected into presynaptic SCGNs or motor neurons, consistent with the conclusion that interactions of the synprint site with SNARE proteins are necessary for efficient synaptic transmission (16, 17) . To test the role of interactions with the synprint site of P͞Q-type Ca 2ϩ channels in synaptic transmission more directly, we expressed the mutant ␣ 1 2.1 subunits in which portions of the synprint site were deleted by injection together with dextran-fluorescein beads in SCGNs. Successfully injected neurons were identified by fluorescence, and synaptic transmission to neighboring cells was measured by microelectrode impalements of pairs of neurons. The effectiveness of the different Ca v 2.1 channels in initiating synaptic transmission was assessed from block of synaptic transmission by agatoxin IVA. In neurons expressing Ca v 2.1 channels with these deletions, synaptic transmission was less sensitive to inhibition by 250 M -agatoxin IVA compared with wild-type P͞Q-type Ca 2ϩ channels (Fig. 4) . At 20 min after bath application of 250 nM -agatoxin IVA, only 9 Ϯ 6% (n ϭ 6) inhibition of excitatory postsynaptic potential (EPSP) amplitude was observed in neurons injected with ␣ 1 2.1⌬(864-934) (Fig. 4 A, E, and F) or 19 Ϯ 6% (n ϭ 7) in neurons injected with ␣ 1 2.1⌬(793-878) (Fig. 4 B, E, and F) . This compares to 28 Ϯ 8% (n ϭ 5) inhibition of EPSPs by -agatoxin IVA at synapses expressing wild-type ␣ 1 2.1 (Fig. 4 D-F) . As a negative control we also analyzed synapses expressing ␣ 1 2.1⌬(771-971), which lacks the entire synprint site and is functionally inactive. As expected, EPSP amplitude was not significantly reduced (6 Ϯ 6%; n ϭ 5) at 20 min after bath application of 250 nM -agatoxin IVA, consistent with the failure of this mutant to yield functional Ca 2ϩ channels in tsA-201 cells (Fig. 4 C, E, and F) . Together, these results indicate that an intact synprint site is required for evoked synchronous transmitter release initiated by opening of exogenously expressed P͞Q-type Ca 2ϩ channels.
Effect of Deletion of the Synprint Site on Presynaptic Localization of
Ca v2.1 Channels. The requirement for the synprint site of Ca v 2.1 channels for effective initiation of synaptic transmission could indicate an important role for this segment of the Ca 2ϩ channel in presynaptic localization of these channels, an important role for the synprint site in Ca 2ϩ -dependent exocytosis itself, or both. To distinguish these possibilities, we analyzed the nerve terminals of injected neurons for Ca v 2.1 localization in presynaptic terminals by immunocytochemistry. Surprisingly, the results reveal a requirement for the synprint site in presynaptic localization of P͞Q-type Ca 2ϩ channels. We used polyclonal antibodies directed against the L I-II (Fig. 5 A-C) and L II-III ( Fig. 5 D-F ) intracellular loops to label cultures of SCGNs containing injected neurons. The synaptic terminals on neurons receiving innervation from adjacent injected neurons were examined for labeled puncta representing nerve terminals containing Ca v 2.1 (Fig. 5 A-F) , and the numbers of puncta were counted and compared for wild-type and mutant Ca v 2.1 channels (Fig. 5G) . Because only presynaptic neurons are injected, labeled puncta on adjacent neurons must represent Ca v 2.1 channels in presynaptic terminals and not postsynaptic clusters of Ca v 2.1 channels. We found that wild-type Ca v 2.1 channels were efficiently localized in nerve terminals (Fig. 5 A,  D, and G) . In contrast, ␣ 1 2.1⌬(793-878) was less efficiently localized in nerve terminals (Fig. 5 B, E, and G) , and ␣ 1 2.1⌬(864 -934) was not detected at all in highly labeled puncta in nerve terminals (Fig. 5 C, F, and G) . Thus, deletion of the synprint site impairs synaptic transmission by these exogenously expressed Ca v 2.1 channels because they are not efficiently transported to or retained in nerve terminals. Although the deletion of the synprint site may also cause an impairment of the function of these channels in nerve terminals, the large reduction in Ca 2ϩ channel density in nerve terminals effectively masks any additional effect on the efficiency of synaptic transmission by the few channels that are effectively localized.
Effect of Substitutions of the Synprint Site on Synaptic Transmission
Initiated by Ca v1.2 and Cav2.1. As shown in the preceding paper (18) , Ca v 1.2 channels are not able to reconstitute synaptic transmission in SCGNs. To further define the role of the synprint site in synaptic localization and synaptic transmission, we constructed a chimeric Ca (Fig.  1) , the synprint site was added to L II-III of Ca v 1.2 rather than substituted for a corresponding segment of Ca v 1.2. cDNA encoding this chimera was injected into SCGNs, and synaptic transmission was measured. Remarkably, insertion of the synprint site of Ca v 2.1 into Ca v 1.2 yielded a chimeric channel that was able to support robust synaptic transmission, as indicated by a reduction of the EPSP amplitude of 28 Ϯ 8% (n ϭ 5) by bath application of 2.5 M nifedipine, a specific blocker of L-type Ca 2ϩ currents that normally has no effect on synaptic transmission (Fig. 6 A and C) . In addition, the decay time constant of the EPSP was significantly shortened from 34 Ϯ 2.5 ms to 27 Ϯ 3.2 ms (n ϭ 5). Evidently, insertion of the synprint site is sufficient to allow nerve terminal localization and function of Ca v 1.2, which conducts L-type Ca 2ϩ currents that initiate transmitter release.
Normal synaptic transmission in SCGNs is mediated by N-type Ca 2ϩ currents. Therefore, it is possible that the synprint site of Ca v 2.2 might be more effective than the synprint site of Ca v 2.1 in allowing nerve terminal localization and function. To test this idea, we constructed a chimeric Ca 2ϩ channel in which the synprint site of Ca v 2.2 was substituted in Ca v 2.1 (Fig. 1) . This chimeric Ca 2ϩ channel was more effective in initiation of synaptic transmission than wild-type Ca v 2.1, as indicated by a reduction in EPSP amplitude of 37 Ϯ 5% by agatoxin IVA compared with 28 Ϯ 8% (Fig. 6C) . These results suggest that the synprint site from Ca v 2.2 is indeed significantly more effective in establishing synaptic transmission in SCGNs. Unfortunately, although this difference in synaptic transmission is significant, it is not large enough to allow us to determine whether it is correlated with increased presynaptic localization of Ca v 2.1 channels by using our immunocytochemical methods, which are less precise than electrophysiological recording. Therefore, increased localization and increased functional efficacy may both contribute to the increase in synaptic transmission initiated by this chimeric channel. 
Discussion
The Synprint Site Is a Functional Specialization of Cav2 Channels. As illustrated in Fig. 1 for Ca v 1.2, the L II-III segments of Ca v 1 family of channels are much shorter than those of Ca v 2 channels, and they do not contain amino acid sequences that correspond to the synprint site. In fact, exon 19, which encodes most of the synprint site in Ca v 2 channels, is missing in the genes encoding Ca v 1 channels (Fig. 1) . Similarly, the Ca v 3 channels that conduct T-type Ca 2ϩ currents also have short L II-III segments and do not have amino acid sequences corresponding to the synprint site (data not shown). These comparisons suggest that the synprint site is a specialization of Ca v 2 channels that has developed from insertion of new exons in the evolution of the three Ca 2ϩ channel families and has a specific function in synaptic transmission.
Requirement of the Synprint Site of P͞Q-Type Ca 2؉ Channels for Nerve
Terminal Localization and Function. Our previous results with dominant negative peptides show that interaction of the synprint site in the cytoplasmic loop connecting domains II and III of N-type Ca 2ϩ channels with SNARE proteins is required for fast and synchronous neurotransmitter release from SCGNs in culture (16) . This interaction also transmits a voltage-dependent signal from N-type Ca 2ϩ channels to the SNARE proteins (23) . The synprint site of P͞Q type Ca 2ϩ channels was also shown to interact with SNARE proteins (15) , but the functional significance of the interaction in neurotransmitter release has not been demonstrated. The present study reveals that the synprint site of P͞Q type Ca 2ϩ channels is required for localization of newly synthesized channels to the nerve terminals of SCGNs. Mutant Ca v 2.1 channels with a deletion of the N-terminal half of the synprint site were fully functional, but they were not modulated by SNAP-25, were less effectively transported to nerve terminals than wild-type channels, and were less effective in initiating transmitter release. Mutant Ca v 2.1 channels having a deletion of the C-terminal half of the synprint site also were fully functional, but they were not modulated by SNAP-25, were much less effectively transported to nerve terminals, and their ability to initiate synaptic transmission was correspondingly reduced. Mutant Ca v 2.1 channels with a deletion of all of the synprint site were not functionally expressed and also were not effectively transported to nerve terminals. Thus, our results reveal an unexpected requirement for the synprint site for efficient nerve terminal localization of Ca 2ϩ channels. This is likely to reflect a requirement for interaction of Ca 2ϩ channels with SNARE proteins for successful assembly and incorporation into the specialized transport vesicles in the endoplasmic reticulum and Golgi apparatus that are destined for transport to the presynaptic terminal (e.g., refs. 24 and 25). We suppose that this requirement for association with SNARE proteins is permissive for Ca 2ϩ channel localization in nerve terminals but does not provide the primary targeting information for nerve terminal localization because SNARE proteins are broadly distributed in neurons. A candidate for the primary targeting motif has been identified in the C-terminal domain of Ca v 2.2 channels. Amino acid sequences that interact with the PDZ domain protein MINT and the SH3 domain protein CASK have been shown to be required for nerve terminal targeting and capable of targeting heterologous proteins to the nerve terminal (26) . Because association of presynaptic Ca 2ϩ channels with SNARE proteins is required for their effective initiation of fast synaptic transmission (16, 17) and modulates their functional activity (22, 27, 28) , preassembly with SNARE proteins before transport to the nerve terminal would assure that Ca 2ϩ channels are fully prepared for physiological function in synaptic transmission on arrival at presynaptic sites. Additional sequences in the region of the synprint site may also provide independent targeting information for Ca 2ϩ channel localization.
The synprint region of Ca 2ϩ channels is not only required for nerve terminal localization, but it is also sufficient to allow functional expression of chimeric Ca v 1.2͞Ca v 2.1 channels at nerve terminals, resulting in synaptic transmission initiated by L-type Ca 2ϩ currents. These results indicate that the synprint site, perhaps along with additional nearby sequence elements in L II-III, are sufficient to allow Ca v 1.2 to be transported to the nerve terminal and to function in synaptic transmission. Ca v 1 channels that conduct L-type Ca 2ϩ currents are prominent in developing growth cones (29) , so it is likely that they contain appropriate targeting information for nerve terminal localization in developing neurons, even though they do not have interaction sites for MINT and CASK (26) . Targeting of Ca v 1 channels to mature synapses may be prevented by a requirement for SNARE protein binding and may be restored on insertion of a synprint site.
Exogenously expressed Ca v 2.1 channels are less effective in initiating synaptic transmission than endogenously expressed Ca v 2.2 channels (18 (16, 17) , interaction of the synprint site with SNARE proteins is required for fast, efficient synaptic transmission initiated by endogenous Ca 2ϩ channels. Evidently, the synprint site is a multifaceted determinant of the unique ability of presynaptic Ca v 2 channels to initiate fast synaptic transmission.
